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Tests have been performed in an optical engine by means of broadband radiation imaging and 31 emission spectrometry. The engine hardware is typical of a compression ignition passenger car 32 application. Gasoline was used as the fuel due to its low reactivity. Combining broadband luminosity 33 images with pressure-derived heat-release rate and UV-Visible Spectra, it was possible to identify 34 different stages of the combustion reaction. After the spark discharge, a first flame kernel appears and 35 starts growing as a premixed flame front, characterized by a low and constant heat-release rate in 36 combination with the presence of remarkable OH radical radiation. Heat release increases 37 temperature and pressure inside the combustion chamber, which causes the auto-ignition of the rest 38 of the unburned mixture. This second stage is characterized by a more pronounced rate of heat release 39 and a faster propagation of the reactions through the combustion chamber. Moreover, the measured 40 UV-Visible spectra show some differences in comparison with the other stages. The relative intensities 41 in of spectra from different combustion radicals have also been related to the different combustion 42
phases. 43
 PPC combustion combined with spark assistance and gasoline fuel on a CI engine 48  Chemiluminescence of different chemical species describes the progress of combustion 49 reaction. 50  Spectra of a novel combustion mode under SACI conditions is described. 51  UV-Visible spectrometry, high speed imaging and pressure diagnostic were employed for 52 analysis. 53
NOMENCLATURE

54
CI
Compression Ignition 55
ICE
Internal combustion engine 56
EGR
Exhaust gas recirculation 57
PPC
Partially premixed combustion 58
SACI
Spark assisted compression ignition 59
ROHR
Rate of heat release 60
CAD
Crankangle degree 61
ACV
Apparent combustion velocity 62 under homogeneous locally lean conditions which, combined with high exhaust gas recirculation rates, 68 provide low combustion temperatures. As a consequence, NOx and soot formation are reduced while 69 fuel consumption and efficiency improve [4] . 70
In spite of their benefits, these combustion concepts present some challenges that must be 71 overcome before their practical implementation in ICEs. The main limitation is obtaining a proper 72 combustion phasing and control over a wide range of engine load and speed. Highly-premixed 73 combustion modes in CI engines are dominated by chemical kinetics, which are directly dependent on 74 temperature and chemical composition of the mixture. As a consequence, achieving the proper 75 ignition conditions requires both adequate mixing and temperature of the charge. To solve this 76 problem, different strategies have been proposed [5] [6] [7] . Temperature can be controlled by intake air 77 heating or modifying the compression ratio. Other strategies like control of EGR rate [27] or the 78 amount of trapped combustion gases also modifies mixture composition. Multiple injection strategies 79 and combinations of different fuels have also been investigated. However, the majority of the 80 techniques mentioned cannot provide precise control over the combustion phasing, since they require 81 time scales too large to achieve cycle-by-cycle control. while all these solutions provide some control of the combustion phasing, they still cannot deliver the 90 required cycle-to-cycle control capability of these partial or fully premixed combustion processes. 91
Moreover, when a very low reactivity fuel is used [13, 28] , it is not possible to achieve stable engine 92 operation for light and mid load conditions. 93
Spark assisted combustion phasing and control has been investigated for controlled auto-ignition 94 (CAI) implementation in port fuel injection SI engines. The spark plug has been used to supply the 95 necessary energy for achieving a controlled auto-ignition process with a method referred to as Spark 96
Assisted Compression Ignition (SACI). In this mode, the combustion process is composed of a first 97 growth of a reaction kernel, due to the energy supplied by the spark, which leads to the start of a 98
propagating flame. The flame propagation combustion consumes part of the fuel, releasing energy 99 that increases the mixture temperature and provokes its auto-ignition. Since flame propagation is 100 generally slower than auto-ignition, this mechanism reduces the overall heat release rate. Previous 101 experimental work using spark ignition engine architecture [14, 15] and moderate reactivity fuels 102 suggests that this method can provide good combustion phasing while the response time is short 103 enough for cycle-by-cycle application [16, 17] . 104
In the present work, combustion phasing control by means of a spark plug ignition system is 105 integrated on a CI engine working in partially a premixed combustion (PPC) mode, when a very low 106 reactivity fuel is used. On the one hand, the spark plug offers a cycle-to-cycle control over PPC 107 regardless of thermodynamic conditions. On the other hand the CI engine, which is not common in the 108 SACI literature, allows to overcome some previously reported problems related to the use of high 109 octane fuels, like misfiring under light load engine conditions. Experiments have been performed in 110 an optical engine, with a diesel-like compression ratio and geometry, equipped with a common rail 111 injection system enabling high-pressure injection, EGR and temperature control. Moreover, the 112 experimental work was carried out using gasoline, because of its low reactivity. Since the investigation 113 was performed in an optical engine, different tools were combined in the study: in-cylinder pressure 114 analysis, combustion broadband imaging and emission spectrometry. The latter has been proven as a 115 powerful tool for analysis of new combustion modes, so it is used to develop a detailed description The experimental work was performed at a low load-operation mode on a 4-stroke DI diesel single 124 cylinder optical engine ( Fig.1 ) with the specifications listed in Table 1 . It is equipped with an elongated 125 piston and a cylindrical bowl, with dimensions of 45 x 18 mm (diameter x depth), allowing optical 126 access to the combustion chamber through a sapphire window located at its bottom. Below the piston 127 bowl an elliptical UV mirror is placed at 45º, aligned with the piston axis. 128
The cylinder head is a modified 2.2 HSDI 4 valve diesel cylinder head. One of the exhaust valves 129 was removed in order to install a spark plug. This modification does not strongly affect air 130 management, due to the low operating engine speed and the skip fire methodology used in this work. 131
The engine is equipped with a conventional common rail injection system. The injector is positioned 132 at the center of the combustion chamber and oriented so that one of the jets passes through the spark 133 electrodes. Tests were conducted in skip-fire mode to prevent fouling of the optical access and 134 minimize thermal engine gradients; thus, only one injection is performed every 30 cycles. This 135 methodology ensures repetitive engine conditions between fired cycles. 136
In-cylinder pressure is measured, and thermodynamic analysis is performed with a one-zone 137 model CALMEC [20, 22] . This diagnosis tool uses the measured in-cylinder pressure as the main input 138 and other engine parameters as boundary conditions of the test. The model's main result is the Rate
of Heat Release (ROHR). Time resolution for these variables depends on the crank angle encoder 140 configuration (0.2 CAD). 141
All the tests were carried out under the same engine conditions. Engine speed was set to 750 rpm. 142
This low regime offers long cycle and combustion duration, which are optimum conditions to check 143 the viability of the combustion mode. Intake air temperature and pressure were set to 303 K and 1.6 144 bar respectively. This intake pressure, which is a common value for this engine under HCCI combustion 145 conditions, has been selected in order to avoid wall impigment. O2 concentration inside combustion 146 chamber is controlled using a synthetic EGR system, where EGR gases are substituted only by N2. For 147 this study, XO2 was fixed at 18%. Fuel was commercial gasoline with 95 octane number (RON) and 765 148 kg/m3 density. The start of injection was located 19 crank angle degrees before top dead center, 149 injecting 20.6 mg of fuel per cycle, which results in an average 0.35 equivalence ratio. Due to the low 150 reactivity of the fuel, no ignition occurs under these operating conditions when no spark plug discharge 151 is performed. The spark discharge was located at -10 CAD, coinciding with the end of injection, while 152 the local air-fuel mixture around the spark plug is still rich enough and thermodynamic conditions are 153 adequate for ignition. To enable an adequate mixture preparation in the spark plug zone within the 154 required time scales, injection pressure was set to 600 bar. This pressure is higher than the usual range 155 offered by commercial direct injection gasoline systems, so a common rail Bosch-Piezo system was 156 used. 157 158
Optical Apparatus 159
Digital imaging and spectroscopic analysis in the UV-Visible range were performed. Light emitted 160 by the combustion process is reflected by the UV Mirror and guided to both a high speed camera and 161 a spectrograph. The optical set-up is shown in Fig. 2 . 162
In order to register temporal and spatial evolution of broadband radiation from the combustion 163 process a Photron Fastcam Ultima APX camera was employed. This High Speed CMOS camera was used 164 to record at 6000 fps with a 512 x 512 pixels resolution. The exposure time was fixed at A processing routine was applied to the high speed camera images, to obtain numerical 180 information about the size and shape of the combustion area for further analysis. Each image was 181 binarized considering a fixed threshold value, so pixels corresponding to the flame (higher intensity 182 than threshold) are assigned a value of 1, while pixels of the background (lower intensity than 183 threshold) are assigned a value of 0. Flame area is defined as the addition of all pixels set to 1. In a 184 second step, the contour of the flame was obtained from the binarized image. Fig. 3 presents an  185 example of the different processing steps. 186
For the analysis of the flame propagation velocity, a geometrical magnitude was defined. In the subsequent sections, the description of the SACI combustion sequence will be presented in 197 terms of a single cycle results (Figs. 8 and 9 ). This approach will be justified in the present section, 198
where cycle-to-cycle scattering will be evaluated to show that combustion is repeatable. Thereby, this confirms that all the cycles that conforms this work have a very similar combustion 210 evolution along the engine cycle compared to the reference one. 211
On the other hand, the scattering among cycles in the natural luminosity images has also been 212 analyzed. For that purpose, flame area and accumulated intensity evolution have been chosen. Fig. 6  213 and Fig. 7 show the flame area and total intensity for the 30 cycles employed on the RoHR cycle-to-214 cycle variation study. Both figures present a grey curve and a shadowed area, which indicate theaverage +-one standard deviation as calculated from the single cycles of accumulated intensity and 216 flame area. The black curve represents the corresponding evolution for the cycle employed on the 217 description of the combustion process. It can be seen that scattering, in both cases, is higher than the 218 one presented for RoHR. However, the trend along combustion cycle is well defined and the one 219 included in the subsequent sections for analysis follows the average behavior. According to these 220 results, as well as to the information from the heat release curves, the information selected for the 221 description of the combustion cycle is representative of engine behavior. 222 however, the luminous area is seen to have expanded, but its appearance is different: the original high 231 intensity spot from the spark discharge still exists, but it is surrounded by a much larger compact zone 232 with dimmer intensity. This zone seems to be expanding to the rest of the combustion chamber but, 233 after -4.6 CAD, it reduces in size again, becoming less compact in appearance. This reduction phase 234 finishes at -0.3 CAD, from which a second increase in luminous area is observed. During this phase, the 235 luminous area progresses towards the rest of the combustion chamber, with a relatively low intensity 236 appearance except for some locally bright spots that will be discussed below. After 7.0 CAD, the 237 radiation zone starts to reduce again, but this time it leads to the extinction of the reaction zone. 238
The previous qualitative sequence can be analyzed in terms of quantitative variables derived from 239 in-cylinder pressure and image processing as shown in Fig. 9 . The evolution of the combustion area is 240 in agreement with the previous images: spark discharge occurs at -10.0 CAD, and no large increase inPage 11/24 area occurs until approximately -8.0 CAD, as shown in the ACV evolution. During that interval, only the 242 spark generated radiation occurs. From -8.0 CAD to approximately -2.0 CAD (minimum value in area 243 after the first maximum) the phase of the compact radiation area evolution occurs. From -2.0 CAD 244 onwards, a second combustion period occurs with the corresponding increase in area. Both phases are 245 marked by a corresponding ACV peak. It is noticeable that all three periods can also be observed to be 246 approximately coincident with those observed in the pressure-derived heat release rate, namely a first 247 phase without heat release from spark timing to -9.0 CAD, a second period with a sustained heat 248 release until -1.0 CAD, after which a third period with a noticeable peak in heat release occurs. Both 249 differences between second and third phases in heat release values and, to a lower extent, in area and 250 ACV, indicate that the last one is faster than the second one. 251
Previous analysis of quantitative parameters makes it possible to define three different stages 252 during the combustion process. After the spark discharge, a growth of an early flame kernel takes place 253 with negligible heat release. The kernel phase it is followed by a flame front propagation under 254 premixed conditions. Energy released by premixed reaction causes an increase in temperature and 255 pressure in the combustion chamber, leading to the autoignition of the rest of the mixture. The mean 256 difference between autoignition and premixed combustion phases is the propagation rate and, as a 257 consequence, the maximum values attained by the rate of heat release. Moreover, it can be seen that 258 reaction is not uniform along the combustion chamber. While the premixed combustion takes place 259 around the spark plug, the auto-ignition phenomenon extends to the whole field of view. Spectral analysis is useful in order to better investigate the combustion process. In the literature, 267 different chemical species and radicals are identified as good tracers of the stages of a hydrocarbon 268 combustion reaction. Thus their presence changes radiation emission spectra and helps describe the 269 evolution of the reaction. 270
Due to optical apparatus limitations, spectra were registered at different locations along the 271 combustion chamber in order to obtain good spatial resolution. For the analysis, the combustion 272 chamber was divided into nine regions of interest (Fig. 10) . The size of each region is 79 x 16 pixels and 273 had an area of 13.5 x 2.7 mm. Each region is labeled according to the horizontal (1,2,3 ) and vertical 274 (T,C,B) location. 275
The different spectra registered during the combustion process are presented in Fig. 11 to Spark discharge and flame kernel appearance (Fig. 11) ; 2. Flame growth under premixed conditions 281 (Fig. 12) ; 3. Auto-ignition combustion (Fig. 13) to -5.5 to -3.2 CAD spectra. Such differences can be explained by the different combustion regime 318 (premixed at 2C from -5.5 to -3.2 CAD vs auto-ignition at 3C from 2 to 4.3 CAD). 319
Finally, Fig. 14 
